for diverse actin-based processes, ranging from budding and cytokinesis in yeast (Li, 1997) 
localization, we have determined the crystal structure of the EVH1 domain of Mena in complex with a prolinerich peptide derived from ActA to 1.8 Å resolution. The ligand is recognized by a mechanism distinct from that of Src homology 3 (SH3) domains and other previously characterized proline-binding modules. The Mena EVH1 domain fold is unexpectedly similar to that of the pleckstrin homology (PH) domain, a membrane localization module. This structural similarity suggests that EVH1 domains may target leading edge sites during cell movement by interacting with both proteins and membranes. We also characterized the peptide binding specificities of EVH1 domains from several different proteins using a qualitative far Western binding assay. EVH1 domains from Mena, WASP, and Homer were tested against an array of putative ligand sequences ( Figure  2C ). All of the EVH1 domains were found to bind proline- The Mena EVH1 domain (residues 1-112) was cocrystallized with the ActA-derived peptide Ac-FPPPPT-CONH 2 . Crystals grew in space group C222 1 with one complex Interestingly, EVH1 domains are also found in a distinct class of proteins with no known link to the actin per asymmetric unit and diffracted X-rays to 1.8 Å resolution. Experimental phases were determined using cytoskeleton. These proteins belong to the Homer/Vesl family of postsynaptic proteins that are thought to funcmultiwavelength anomalous dispersion (MAD) with selenomethionyl-substituted protein (Table 1) . The solventtion in synaptic plasticity (Brakeman et al., 1997; Kato et al., 1997). The Homer/Vesl EVH1 domains bind proflattened electron density map was readily interpretable and allowed a model for Mena residues 2-112 to be line-rich motifs found in the metabotropic glutamate receptor (mGluR) and inositol 1,4,5-trisphosphate (IP3) rebuilt. Although the peptide was visible in the experimental map, it was not included until a later stage in the ceptor (Tu et al., 1998) . These examples may represent an expanded evolutionary use of the EVH1 domain as refinement, at which point a model for residues 1-5 was added. Only weak density was observed for Thr-6, the a localization module.
Results

Biophysical Characterization of the EVH1 Domain-Peptide Interactions
To understand the structural basis of EVH1 domain peptide's C-terminal residue. The refined EVH1-peptide Alignment of other putative EVH1 sequences, including those of the more distantly related proteins WASP and Homer, shows high conservation of residues that form the hydrophobic core and peptide-binding surface ( Figure 3C ), indicating that these domains all share a common fold and function.
The Peptide-Binding Interface
The proline-rich core of the peptide ligand binds the Mena EVH1 domain in a polyproline II (PPII) conformation, a left-handed helix with three residues per turn ( Figure 4A ). The peptide docks at a highly aromatic surface, primarily contacting the triad of EVH1 residues Tyr-16, Trp-23, and Phe-77 ( Figure 4B ). The complex buries ‫003ف‬ Å 2 of surface area on the EVH1 domain and ‫004ف‬ Å 2 on the peptide. The buried backbone carbonyl groups of the peptide, specifically those of Pro-2 and Pro-3, form hydrogen bonds with the side chains of EVH1 residues Gln-79 and Trp-23, respectively. Thus, the EVH1 complex resembles other proline recognition complexes in several fundamental ways: SH3 and WW domains and profilin all use aromatic surfaces to recognize proline-rich peptides in a PPII conformation (Kuriyan and Cowburn, 1997; Mahoney et al., 1997).
Despite these similarities, the overall architecture of the EVH1-binding surface is unique. In the EVH1 domain, the triad of aromatic residues present a concave, V-shaped binding surface ( Figure 4A) . Consequently, the ligand PPII helix, depicted schematically as a triangular prism, packs against the domain with one of its pointed ends directed into the V-shaped wedge ( Figure 4C ). In contrast, the binding surfaces of SH3 and WW domains and profilin are relatively flat, with only a series of shallow ridges created by surface-aromatic residues arranged in a parallel fashion. Thus, in complexes involving these domains, a flat face of the ligand PPII helix packs 
The EVH1 Domain Structurally Resembles PH Domains
The Mena EVH1 domain fold is unexpectedly similar to complex has a crystallographic R value of 22.9% and a that of PH domains ( Figure 5 ). PH domains are modules free R value of 26.8% (Table 1) . that bind to acidic phospholipids and are thought to The EVH1 domain is composed primarily of two antimediate membrane localization of the signaling proteins parallel ␤ sheets that form a ␤ sandwich ( Figure 3A Figure 2C ). Peptide binding specificity and register is conferred by critical nonily, the Homer sequence shows the highest divergence at key positions involved in peptide recognition. For proline residues that flank the proline-rich core. A phenylalanine that is N-terminal to the proline core is example, the aromatic triad residue Tyr-16 is conserved in Mena, VASP, and WASP but is replaced by Ile in required for recognition by the Mena and WASP EVH1 domains ( Figure 2C ). The EVH1 structure reveals a correHomer ( Figure 3C ). Moreover, residues that are structurally adjacent to the aromatic triad show considerable sponding pocket that specifically recognizes this Phe or other large hydrophobic residues (such as leucine, variability and may contribute to ligand discrimination among individual EVH1 domains. The resulting sefound in the human Robo sequence). Additionally, the highest-affinity EVH1 ligands contain acidic residues quence preferences may be what allow Homer to localize to distinct sites compared to Enabled/VASP/WASP surrounding the core sequence ( Figure 2B ). Although such acidic residues are not included in the crystallized family members. Mena EVH1-peptide complex, we postulate that these interact with several basic residues on the EVH1 surface, EVH1 Domains Are Distinct Members of the PH Domain Superfamily found flanking the proline-binding aromatic triad (Figure 4D ).
Despite extremely low sequence homology, the crystal structure of the EVH1 domain of Mena reveals an overall There is also a relatively high degree of peptide ligand discrimination among individual EVH1 domains, such as fold that closely resembles that of PH domains. In general, PH domains bind to acidic phospholipids and medithose from Mena, WASP, and Homer. This specificity also involves critical residues that flank the proline-rich ate protein localization to the plasma membrane (Rameh et al., 1997; Kavran et al., 1998). PTB domains are ancore ( Figure 2C) Figure 5A ). The PH topology may be a particularly robust and functionally plastic platform ( Figure 6A ). An auxiliary association with membranes could enhance the targeting specificity of EVH1 dofor binding a wide range of ligands. The PH fold appears to have been used for many distinct purposes throughmains, explaining why EVH1 proteins localize to plasma membrane sites, as opposed to cytoplasmic sites that out evolution, much as observed for the immunoglobulin superfamily (Cohen et al., 1995) . may bear related FPPPP motifs. For example, the signaling protein Shc is found to properly localize and function The distinct branches of the PH superfamily have intriguing structural differences that are intimately tied to only if its PTB domain can interact with both phospholipid and peptide ligands (Ravichandran et al., 1997). functional differences. The most distinguishing feature of EVH1 domains is the lack of an additional segment of secondary structure found in both PH and PTB domains (Figures 5A and 5B) (PIP 2 ) (Miki et al., 1996) . (1995) . A focal adhesion factor directly linking intracellularly moas fusions to a naturally biotinylated E. coli protein using the PINtile Listeria monocytogenes and Listeria ivanovii to the actin-based POINT system (Promega). The DNA fragments encoding the desired cytoskeleton of mammalian cells. EMBO J. 14, 1314-1321. protein segments (Mena 1-112, hWASP 1-170, dHomer 1-112, 
